Introduction
============

While the capability of viruses to infect and injure cardiovascular tissue is well established, a causal association between viral infection and myocardial cell injury has been difficult to prove, and the diagnosis of viral myocarditis is often elusive. Accordingly, an animal model of myocarditis and cardiomyopathy could be useful to explore relationships between myocardial inflammation and myocardial injury. The domestic cat provides a model of spontaneous cardiomyopathy whose histopathologic features include myocyte injury, necrosis, and in some cases, myocarditis [@BIB1], [@BIB2], [@BIB3], [@BIB4], [@BIB5]. Feline cardiomyopathy is characterized by myocardial dysfunction and structural derangement and is an important cause of arrhythmias, heart failure, and death [@BIB1], [@BIB2], [@BIB3], [@BIB6], [@BIB7]. The etiology of feline cardiomyopathy is typically unknown although taurine deficiency has been associated with the development of dilated cardiomyopathy and some cases of hypertrophic cardiomyopathy have been demonstrated to be familial [@BIB8], [@BIB9]. While a relationship between viral myocarditis and feline myocardial disease has been suspected [@BIB1], [@BIB2], the pathogenesis is usually unknown, and these disorders have been diagnosed as idiopathic cardiomyopathy, by definition a heart muscle disease of unknown etiology. Recently, the polymerase chain reaction (PCR) has been used to amplify viral genetic material and allow identification of minute amounts of target DNA [@BIB10], [@BIB11], [@BIB12]. Since viral myocarditis has been implicated in chronic myocardial injury and dysfunction [@BIB13], [@BIB14], [@BIB15], [@BIB16], [@BIB17], [@BIB18], PCR could potentially be used to identify viral infection in this model of feline cardiomyopathy. The purpose of this study was to evaluate archival myocardial tissues for cardiomyopathy and histopathologic lesions of myocarditis and use PCR to detect viral genome in hearts from these animals.

Materials and Methods
=====================

The cardiac pathology archive of the Caspary Research Institute was reviewed for cats that died of idiopathic cardiomyopathy. This search identified formalin-fixed hearts from 120 cases between 1994 and 1997. One-quarter of these were randomly selected for study and represented 18 cats with hypertrophic cardiomyopathy (HCM), 6 with restrictive cardiomyopathy (RCM), and 7 with dilated cardiomyopathy (DCM). For comparison, formalin-fixed, age- and gender-matched cats were selected from the pathology archives of The Ohio State University Veterinary Teaching Hospital who died for noncardiac conditions. Between 1995 and 1997, 17 such cases were identified and comprised the control group. We screened for feline panleukopenia (a parvovirus), calici, herpes, and corona virus, agents that are prevalent in the domestic cat [@BIB19], and reported to cause myocarditis in humans, dogs, rabbits, and pigs [@BIB10], [@BIB16], [@BIB20], [@BIB21], [@BIB22], [@BIB23].

Virus Control Sample Preparation
--------------------------------

DNA/RNA pellets were extracted from cell cultures of panleukopenia, herpes, calici, and corona virus to be used as positive controls. Genomic material was extracted by adding 1.0 ml of the cell suspension to EDTA (10 mM) and 2% sodium dodecyl sulfate (SDS), extracting with two extractions of a phenol:cholorform:isoamyl alcohol mix (25:24:1, pH 8), and one extraction with pure chloroform [@BIB24]. The DNA pellet was washed with 75% ethanol, and resuspended in 50 ul of TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 7.5). The final RNA pellet was washed with 75% ethanol and resuspended in 50 ul of DEPC treated distilled water.

Myocardial Tissue Selection and Preparation
-------------------------------------------

From each heart, cross sectional slices of myocardial tissue weighing approximately 100 mg were excised from the left and right ventricles and interventricular septum at the level of the chordae tendinae. Each tissue sample was pulverized using a 99.5% alumina, non-porous mortar bowl and pestle. A modified RNazol procedure was used to simultaneously isolate total RNA and genomic DNA [@BIB24]. Samples were analyzed by spectrophotometry to determine the concentration of the final nucleic acid product. Mortar/pestles were cleaned and autoclaved for one hour between homogenizations.

To verify that genomic DNA was extracted from formalin fixed myocardial tissue, a highly conserved region of the feline β-myosin heavy chain gene was amplified by PCR from each extraction (Genebank Accession \# AF003767). Fifteen microliters (15 ml) of each reaction mixture was analyzed by electrophoresis on a 1% agarose gel stained with ethidium bromide.

Virus Primer Design and Synthesis
---------------------------------

Primers were designed to amplify conserved regions of each virus based on published sequence. For panleukopenia, primers were designed to amplify a 397 base pair (bp) region of the nonstructural protein 1 [@BIB25]. Herpes virus primers were designed to amplify a 295 bp region of glycoprotein I, located within the unique short region of the viral genome [@BIB26]. Calici virus primers were designed to amplify a 121 bp segment of a nonstructural protein located near the 5′ end [@BIB27]. For corona virus, primers were designed from previously published sequences to amplify a 177 bp region from the highly conserved 3′ untranslated region of the feline corona virus genome [@BIB28]. All primers were synthesized by an automated oligonucleotide synthesizer.

Polymerase Chain Reaction
-------------------------

For panleukopenia and herpes virus, 250 ug of extracted nucleic acid was combined with 2.5 ul of each primer (20 uM), 2.5 ul of 10× PCR Buffer (260 mM Tris-HCl, pH 8.8, 26 mM MgCl~2~), 2.5 ul of each dNTP (10 mM), and the appropriate amount of distilled water making a 250 ul reaction. After five minute incubation at 95°C, 0.2 ul (1U) Taq DNA polymerase (Amersham Life Science Inc. Arlington Heights, IL, USA) was added and 45 cycles at the optimal conditions were performed [(Table 1)](#TBL1){ref-type="table"} .Table 1Polymerase Chain Reaction Conditions for Viral AmplificationVirusCell conditionsNumber of cyclesPanleukopenia94° C × 30 seconds, 53° C × 35 seconds, 72° C × 35 seconds. 72° C × 10 minutes45Herpes94° C for 60 seconds, 55° C for 60 seconds, 72 °C for 60 seconds. 72° C × 10 minutes45Calici94° C × 30 seconds, 53° C × 35 seconds, 72° C × 35 seconds. 72° C × 10 minutes40Corona94° C × 50 seconds, 55° C × 60 seconds, 72° C × 60 seconds. 72° C × 10 minutes35

Reverse transcriptase-PCR (RT-PCR) was used to evaluate both RNA viruses, calici and corona virus. Calici virus was evaluated by generating a first-strand cDNA from 0.5 ug of extracted total nucleic acid in the presence of 1 ul (40 U) RNasin RNase inhibitor, 4 ul of 5× reverse transcriptase buffer (200 mM Tris-HCl, pH 7.5, 30 mM MgCl~2~, 10 mM spermidine, 50 mM NaCl), 5 ul (10 mM) of dNTP, 1 ul (20 uM) reverse primer, 1 ul (10 U) AMV reverse transcriptase (Promega, Madison, WI, USA), and DEPC treated distilled water to a total reaction volume of 20 ul. The cocktail was incubated at 37°C for 90 minutes. Five microliters of first-strand cDNA was combined with 2.5 ul of each virus primer, 2.5 ul 10× PCR buffer, 2.5 ul dNTP, and 4.8 ul distilled water. After an initial five-minute incubation at 95°C, 0.2 ul (1U) Taq DNA polymerase (Amersham Live Science Inc. Arlington Heights, IL, USA) was added and 40 cycles performed. Corona virus was evaluated by using a previously published protocol [(Table 1)](#TBL1){ref-type="table"} [@BIB28]. Fifteen microliters (15 ml) of each reaction was analyzed on a 1% agarose gel containing 0.5 ug/ml of ethidium bromide. The gels were placed under ultraviolet light for the visualization of amplified products. A positive control extracted from cell cultures of each virus, and negative control (no template) was run simultaneously with the samples being tested for each particular virus. Samples that amplified the correct sized product in duplicate were considered positive for that particular virus. All samples were analyzed without prior knowledge of clinical data.

The PCR product of the panleukopenia reaction (397 bp fragment) generated from one of the feline myocardial samples was isolated, purified, and sequenced using an automated sequencer. Both panleukopenia primers were used to generate forward and reverse sequence data.

Histopathology
--------------

Following a complete necropsy examination in each cat, myocardium was sampled from basal, mid, and apical ventricular levels, right and left atria. Transmural tissue blocks were cut perpendicular to the long-axis of the right ventricular wall (RVW), left ventricular free wall (LVPW), and ventricular septum (IVS). Hearts were fixed in 10% phosphate-buffered formalin, embedded in paraffin, sliced in 5-micron-thick sections, and stained with hematoxylin-eosin (H&E) and Masson trichrome stains. Specimens were viewed initially without knowledge of clinical history. The histologic diagnosis of active myocarditis was based upon the Dallas criteria [@BIB29].

Statistical Analysis
--------------------

Statistical analysis was performed using a commercial software program (SigmaStat^®^ 2.0, Jandel Corp. San Rafael, CA, USA). Categorical data are presented as absolute number or percentage. Quantitative data are listed as mean ± standard deviation. The two-tailed Fisher\'s exact test was used for comparisons between proportions and between groups. Median values of quantitative data were compared using the Mann-Whitney Rank sum test. Differences were considered statistically significant when the *p* value was \<0.05.

Results
=======

Study Animals
-------------

Age (mean ± standard deviation), gender, and breed of cats included: cats with HCM were 9.2 ± 5.3 years old; 13 were male and 5 were female. Representative breeds included 11 domestic short hair (DSH), 2 domestic long hair (DLH), 2 Maine coon cats, 2 Rex, and 1 European short hair. Cats with RCM were 6.4 ± 1.7 years old; 5 were male and 1 was female. Breeds included 5 DSH and 1 Birman. Cats with DCM were 7.5 ± 3.1 years old; 2 were male and 5 were female. Breeds included 6 DSH and one Abyssinian. The age for this group of 31 cats was 8.4 ± 4.5 years. The age of the 17 normal control cats was 6.1 ± 5.3 years; 11 were male and 6 were female. Breeds included 8 DSH, 4 DLH, and 1 case each of Persian, Himalayan, Siamese, Manx, and oriental short hair.

Polymerase Chain Reaction
-------------------------

PCR amplification of panleukopenia genome occurred in myocardial tissue specimens from 10 of 31 cats (32.2%) with cardiomyopathy [(Figure 1)](#FIG1){ref-type="fig"} . These included 5 with HCM, 2 with RCM, and 3 with DCM. Amplification occurred from different ventricular sites as follows: LVPW only in 4 cats; IVS only in 1 cat; RVW only in 1 cat; both LVPW and RVW in 2 cats; and in 2 cats, from IVS, LVPW, and RVW. In contrast, feline panleukopenia virus was not amplified in any of the control cats. The genetic sequence of the purified PCR product detected in cardiomyopathy tissues matched the sequence of the panleukopenia (parvovirus) clone obtained through Genebank. No cats (affected or control) amplified calici, herpes, or corona virus.Figure 1Agarose gel electrophoresis of the 397 base pair region of the nonstructural protein 1 of panleukopenia. Lanes 1, 2, 4, 7, 8 contain negative samples from cardiomyopathic cats. Lane 11 is a negative control, lane 12 is a positive control. The initial lane (identified by an asterisk) contains the DNA ladder

Histopathology Analysis
-----------------------

Active myocarditis was detected in 18 of 31 cats (58%) with idiopathic cardiomyopathy. These included 10 of 18 cats (55%) with HCM, 4 of 6 cats (66.6%) with RCM, and 4 of 7 cats (57.1%) with DCM. Inflammatory infiltrates were always located adjacent to myocyte injury or necrosis and were observed in left atrial myocardium from 13 cats, right atrial myocardium from 11, LVPW from 5, IVS from 3, and RVW from 4 cats. Myocarditis was observed in more than one cardiac chamber in 10 of the 18 cases. In the 8 cats with one chamber affected, these included left atrial myocardium in 4 cats, right atrial myocardium in 2 cats, and in LVPW in 2 cats. The distribution of inflammatory infiltrate was focal in 13 cats and in these cases, infiltrates were most commonly subendocardial in location. In one cat myocarditis was diffuse. In 4 cats inflammatory infiltrates were diffuse and were present confluently between endocardial or epicardium and subjacent myocardium. Inflammatory cells were characterized as predominantly mild lymphocytic infiltration with occasional plasmacytes or neutrophils in 15 cats ([Figure 2](#FIG2){ref-type="fig"} , top), and by predominantly mild to moderate neutrophilic infiltration with occasional lymphocytes and plasma cells in 3 cats ([Figure 2](#FIG2){ref-type="fig"}, bottom). All inflammatory infiltrates were associated with degenerating or necrotic myocytes, often in the presence of interstitial or replacement fibrosis.Figure 2Photomicrographs of representative myocardial sections from cats with cardiomyopathy and myocarditis. **(Top)** Section from the left ventricular free wall. Extensive mixed inflammatory infiltrate is located predominantly in the subendocardial region consisting of lymphocytes, neutrophils, and plasmacytes. Adjacent myocyte necrosis is severe. Hematoxylin and eosin stain (H&E); magnification ×200. **(Bottom)** Section from the right auricle. Diffuse neutrophilic infiltrate is associated with extensive myocardial necrosis which is particularly prominent in the subendocardial region. Subendocardial hemorrhage is present. Hematoxylin and eosin stain (H&E); magnification ×100

Relationship Between PCR and Histopathology
-------------------------------------------

Of the 31 cats with cardiomyopathy, myocardial tissues from 8 had panleukopenia virus DNA amplified by PCR as well as histopathologic evidence of myocarditis; 2 cats had panleukopenia DNA amplified but no evidence of myocarditis; 10 cats had histopathologic evidence of myocarditis without PCR detection of virus; and 11 had neither PCR detection of virus or myocarditis. Of the 17 normal control cats, none had panleukopenia virus DNA amplified by PCR or histopathologic evidence of myocarditis.

Results of Statistical Analysis
-------------------------------

There was no statistical difference in gender (*p* = 0.824) or median age (*p* = 0.052) between the group of control cats and the group of cats with cardiomyopathy. There was no statistical difference (*p* = 0.601) in median age between: cats that were PCR positive for panleukopenia virus genome with myocarditis (6.5 years) or without myocarditis (9 years); cats that were PCR negative with myocarditis (9.5 years); and cats that were PCR negative without myocarditis (5.7 years). There was a statistically significant association (*p* = 0.003) between the presence or absence of myocarditis and PCR status of panleukopenia viral genome.

Discussion
==========

There is mounting evidence to suggest that viruses are a cause of myocarditis [@BIB10], [@BIB11], [@BIB13], [@BIB14], [@BIB15], [@BIB16], [@BIB30], [@BIB31], [@BIB32], [@BIB33]. Traditional diagnostic methods have been insensitive for establishing viral etiology [@BIB10], while PCR has been sensitive in detecting viral DNA or RNA from endomyocardial biopsies and postmortem cardiac tissues, thereby providing new insights into infectious heart disease [@BIB11], [@BIB14], [@BIB32], [@BIB33]. An animal model of cardiomyopathy and myocarditis could help advance the understanding of viral heart disease. Domestic cats are noted for naturally occurring cardiomyopathy [@BIB3], [@BIB5], [@BIB7], [@BIB34], and viral myocarditis has been suspected on the basis of histopathologic abnormalities [@BIB1], [@BIB2]. In this report, PCR was used to screen feline myocardial tissues for viruses, and we report the first association of panleukopenia virus genome from feline hearts with spontaneous cardiomyopathy and myocarditis.

There is accumulating evidence linking viral myocarditis to the development of cardiomyopathy [@BIB30], [@BIB33], [@BIB35], [@BIB36]. Morphologic disruption of the cytoskeleton caused by viral infection may contribute to the pathogenesis of acquired dilated cardiomyopathy [@BIB37], and cardiomyopathy characterized by diffuse thickening of the left ventricular endocardium and diastolic dysfunction has been associated with mumps virus [@BIB32]. It is also conceivable that myocarditis contributes to the pathology of hypertrophic cardiomyopathy or its final common pathway, given the cascade of events which affect sarcomeric protein, cardiac function, cause myocardial injury, or promote heart failure [@BIB36], [@BIB38], [@BIB39], [@BIB40], [@BIB41].

Our study further supports the concept that a molecular mechanism involving viral myocarditis may be involved in the development or progression of cardiomyopathy. We detected feline panleukopenia virus genome in a high percentage of feline hearts with idiopathic dilated, hypertrophic, and restrictive cardiomyopathy, while these findings were absent in hearts from normal cats. Myocardial inflammatory infiltrates ranging from neutrophils to lymphocytes were detected in 55% of the cats with HCM, and both myocarditis and panleukopenia virus genome were identified in 11% of these hearts. Myocarditis has been documented in young competitive athletes experiencing sudden death with HCM and with other from of myocardial disease [@BIB42], and is common histopathologic feature of arrhythmogenic right ventricular cardiomyopathy (ARVC) [@BIB43], [@BIB44]. Although ARVC has been associated with coxsackievirus in humans, we are not aware of an association between viral myocarditis and HCM [@BIB45]. The detection of feline panleukopenia virus from a high proportion of hearts from cats with HCM is intriguing and somewhat unexpected. Similar to human beings, a familial association has been demonstrated in some breeds of cats with HCM [@BIB8], [@BIB46]. However, there are many cases in which there is no evidence of a familial nature, and an etiology is not detected [@BIB8]. Although a cause and effect relationship between viral myocarditis and HCM has not been proven, it may be speculated that a virus may have a direct effect on a sarcomeric gene or sarcomeric protein leading to the development of HCM [@BIB37]. This type of relationship has been previously observed in the development of DCM secondary to enteroviral myocarditis and would be consistent with the final common pathway theory that has been proposed for HCM [@BIB38].

Myocarditis caused by parvovirus has been reported in humans [@BIB10], [@BIB30], dogs [@BIB47], and pigs [@BIB16], and feline panleukopenia virus is a member of the genus *Parvovirus*. Species-specific strains of parvovirus are characterized by strong conservation of a central DNA sequence and feline panleukopenia virus shares substantial sequence similarity with canine parvovirus [@BIB25]. Because panleukopenia virus preferentially affects cells undergoing rapid mitosis and is comparable in this respect to canine parvovirus [@BIB48], [@BIB49], myocardial infections might be expected to occur similarly, that is, soon after birth. Thus, as with dogs infected with parvovirus, cats surviving panleukopenia viral myocarditis might later develop cardiomyopathy. Chronic myocardial inflammation and persistence of viral myocarditis may have played a role in the development of myocardial injury or cardiomyopathy in our study, and similar pathogenesis has been reported in human patients [@BIB12], [@BIB29], [@BIB47], [@BIB50] and in a murine model of myocarditis [@BIB51]. Alternatively, since hypertrophic growth is also accompanied by DNA synthesis, viral infection might have occurred after cardiac hypertrophy was initiated by an unrelated process [@BIB52].

Although myocarditis was not detected in some cats in which panleukopenia virus genome was amplified by PCR, the insensitivity of light microscopy for establishing a diagnosis of myocarditis according to the Dallas classification has been demonstrated [@BIB15], [@BIB53], [@BIB54]. Moreover, histopathologic lesions of myocarditis correlate poorly with PCR [@BIB10], even though the long term sequelae of viral myocarditis with persistence of viral genome has been documented [@BIB36], [@BIB37], [@BIB55].

Limitation of Study
-------------------

We selected to screen cats for the presence of herpes, calici, parvovirus, and corona viruses by PCR because of the prevalence and importance of these agents in the feline population [@BIB19]. While histopathologic myocardial lesions have been reported only rarely from cats infected with panleukopenia virus [@BIB56], [@BIB57], [@BIB58], our data suggests that this virus has substantial cardiotropic activity in cats. Neither herpes, calici, nor corona virus genome was detected in any of the cardiac tissues. Although herpes virus myocarditis has been reported in humans and canines [@BIB10], [@BIB59], it is possible that herpes virus, as well as corona and calici virus are non-cardiotropic in the cat. Technical factors in PCR could have limited our ability to detect viral myocardial infection, but since PCR consistently amplified positive controls from cell cultures, this would seem unlikely. It is conceivable that cats with cardiomyopathy were infected by viral strains, which were substantially different from our primer sequences and positive control, and therefore, could not be amplified using our methodologies. However, primers were carefully selected from conserved regions of the virus, and would be expected to be consistent between strains. Sample selection or handling can affect the ability to detect myocarditis [@BIB13], [@BIB53], [@BIB54]. We sampled multiple regions of myocardium to improve sampling efficacy. Nevertheless, focal regions of infection may have been missed. Although successful PCR amplification of viral genome from long-term formalin fixed biopsy tissues have been reported [@BIB10], [@BIB11], nucleic acid degradation over time may have negatively influenced PCR because archival samples were maintained in buffered formalin until time of analysis.

In the present study, the precise relationship between inflammation, cardiomyopathy, and the molecular detection of panleukopenia virus DNA in formalin-fixed myocardial tissue is uncertain. Our data derives exclusively from a retrospective evaluation of such factors. Therefore, additional studies are required to better define these relationships.

Summary
=======

In summary, we have demonstrated an association between myocarditis and panleukopenia virus genome in the myocardium of cats with idiopathic hypertrophic, dilated and restrictive cardiomyopathy, and lack of these findings in normal feline hearts. Thus, we infer a potential link between inflammation, infection, and myocardial disease in this feline model. The precise relationship between myocardial inflammation and the molecular detection of feline panleukopenia virus in formalin-fixed myocardial tissue is uncertain, and further studies are required to elucidate the role of these factors in the pathogenesis of acquired cardiomyopathy.
